Binocular disparity is a powerful cue for the perception of depth. The accuracy with which observers can judge depth from disparity can, however, be very poor. This has been attributed to difficulties associated with the scaling of disparity to take account of distance (Johnston, 1991) . We test potential strategies that could be used to improve this scaling. Using the depth-to-width ratio task introduced by Bradshaw, Parton, and Eagle (1998), observers adjusted a depth interval to match the vertical distance between two points. The first experiment examined the effect of placing additional visual stimuli between the observer and the target. Despite the potential of these stimuli to provide reliable distance information, the accuracy of depth settings did not change. The second experiment demonstrated that the degree of binocular correlation present in natural images provides useful distance information, and investigated whether this is used by observers in scaling disparity. To do this, we measured whether varying the magnitude of relative disparity presented in the surround of the target affected depth settings. No such effect was observed. We conclude that the effect of information presented in the surrounding context on settings of depth is limited to those situations in which it provides direct information about the distance to the target.
Introduction
The differences between the two eyes' images provide a valuable source of information that may be used to estimate the three-dimensional shape of objects. Despite the fact that these binocular disparities support a clear and compelling impression of depth, our perception of the three-dimensional shape of objects based on this information can be highly distorted and varies with factors such as the distance from which they are viewed. For example, objects defined by disparity that are near to the observer tend to appear relatively elongated in depth, whereas more distant objects tend to appear relatively compressed in depth (Johnston, 1991) .
One important factor in these distortions is the need to scale binocular disparity in order to take account of the distance of the object from the observer. The retinal disparity produced between two points on an object with some depth separation varies approximately inversely with the square of the distance of the object from the observer. Any misestimation of this distance would be expected to produce a corresponding misperception of depth: overestimation of distance would lead to an overestimation of depth, whereas underestimation would lead to an underestimation of depth. The size of the retinal image of an object varies with the inverse of distance, rather than the square of distance. Any misestimation of distance would therefore be expected to affect aspects of perceived three-dimensional shape such as depth-height or depth-width intervals. Johnston (1991) , for example, found that shape is misestimated in a manner that depends on the distance of the object. Observers were asked to judge whether the depth of disparity-defined cylinders was greater or less then their height. Objects close to the observer tended to be perceived as stretched in the depth direction relative to their height, whereas more distant objects tended to be perceived as flattened in depth. Johnston described these errors in terms of scaling distances, defined as the distance at which the binocular images judged to be circular would in fact be consistent with a circular depth profile. These scaling distances are further than the actual distance for close objects, and closer than the actual distance for far objects. Expressing biases in terms of scaling distances suggests that errors in this task result partly from the misperception of distance. Consistent with this, Brenner and van Damme (1999) demonstrated a clear correlation between the perceived shape and distance of objects viewed under reduced-cue conditions. These results demonstrate that at least some degree of the misperception of shape is associated with a misperception of distance.
In experiments such as those described above, which are performed in very reduced-cue environments, information about the distance to objects will come primarily from the extra-retinal cues of accommodation and binocular vergence. Both of these have been shown to be used in the estimation of distance (Foley & Held, Gogel, 1961; Gogel & Tietz, 1973; Komoda & Ono, 1974; Lie, 1965; Ono, Mitson, & Seabrook, 1971; Richards & Miller, 1969; Swenson, 1932; Tresilian, Mon-Williams, & Kelly, 1999; Viguier, Clément, & Trotter, 2001; Watt, Akeley, Ernst, & Banks, 2005) . However, the information that each provides is unreliable, with this reliability decreasing rapidly as distance increases. Other, retinal sources of information about the distance to objects may also be available. For example, vertical disparities provide the information necessary to recover depth unambiguously, and have been shown to improve depth constancy for images subtending a sufficiently large retinal extent Rogers & Bradshaw, 1993) . Bradshaw et al. (1996) showed that, when objects are close to the observer and subtend a large retinal angle, the scaling of disparity can be accurate. Under these conditions, the reliabilities of the distance information provided by vergence, accommodation and vertical disparity are all maximised. In the current study, we investigate how the distance information required for scaling disparity might be obtained in other, less optimal situations. Specifically, we consider situations in which the target is small and at a distance of more than half a metre from the observer. Reliable information from extra-retinal cues and vertical disparity will not be available directly from the target object in such cases. However, we consider whether presenting additional objects, in order to supply distance information in the surround of the target, affects depth settings. As an example of this contextual information, vertical disparities in the image surrounding a target object can affect the perceived shape and size of that object (Brenner, Smeets, & Landy, 2001; O'Kane & Hibbard, 2007) . Thus, although relatively large retinal images are required for vertical disparities to act as a distance cue , these disparities need not come from the object of interest itself. This greatly increases the extent to which this cue is likely to be of use in natural images.
We consider two other possible sources of contextual information. One is the simple presence of other objects in the scene that are closer to the observer than the target. The accuracy with which distance can be estimated is expected to increase with decreasing distance. Once the absolute distance to one object in a scene is accurately known, this could be used to improve the reliability of the distance information available for other objects. Thus, provided that accurate absolute distance information is available for one object, only reliable relative disparity information is necessary for all other objects. This is a less demanding requirement than the need for absolute distance information for all objects of interest to the observer. For example, Brenner and van Damme (1998) showed that observers are able to make use of information from their change of vergence in looking from one target to another. This allowed their observers to estimate distance with more accuracy than when judgments were based on absolute vergence. Brenner and van Damme (1998) argued that this kind of mechanism might be used to allow an accurate estimate of the distance of one object in the scene to improve the estimate of the distance of other objects.
The other contextual information that we consider is the variability in the horizontal disparities present in an image. This idea was proposed by Glennerster, Rogers, and Bradshaw (1998) . They suggested that the set of disparities presented to an observer in an experiment could act as cue to distance. All other things being equal, a set of stimuli with a wide range of disparities is more likely to be associated with objects at a near distance, and a set of stimuli with a narrow range of disparities with objects at a far distance. This argument was developed further by Harris (2004) who proposed that an analysis of the local variation in disparity in images could provide a cue to the distance to objects in that image. The utility of this approach is supported by both theoretical and empirical analyses of the distribution of disparities in natural images (Hibbard, 2007; Hibbard, 2008a; Liu, Bovik, & Cormack, 2008) but no psychophysical experiments have yet tested the idea that the disparity variation in images is actually used in this way as a cue to distance.
Experiment 1: presence of a surrounding context
The motivation for the first experiment is the notion that the perception of distance from binocular convergence becomes uncertain and inaccurate as the distance to the object increases. Several studies (e.g. Swenson, 1932; Viguier et al., 2001 ) have shown that observers are able to estimate the distance to a target accurately on the basis of vergence up to distances of around half a metre, but tend to underestimate distance beyond this range. In performing the depth setting task outlined in the previous section, we would thus expect the depth:height ratio seen by observers, for a constant physical ratio, to become increasingly flattened in the depth dimension as its distance from the observer is increased.
However, if in addition to the target another object or surface were present in the scene, at a closer distance from the observer, then this might provide more accurate distance information. Observers might then be able to judge the distance to a close surrounding surface accurately, and use the relative disparity between this and the target in order to judge the distance to the latter with more accuracy than if presented in isolation. If such a mechanism were in place we would expect the accuracy of depth settings of a distant target to improve when judged in the presence of nearer objects that provide a good source of distance information.
Methods

Stimuli and task
In all cases, the task used was that introduced by Bradshaw et al. (1998) . This task is illustrated in Fig. 1a . The target object consisted of three dots, which took the form of Gaussian blobs with a maximum luminance of 22.0 cd m À2 and a standard deviation of 2.9 arc min. All three blobs were presented in the observer's median plane. Two dots were presented at the screen distance, an equal distance above and below the observer's line of sight. The distance to the remaining dot, which was under the control of the observer, was defined by its horizontal disparity. This dot was centred on the observer's line of sight.
Apparatus
Stimuli were presented on a 21-inch CRT monitor, and viewed using Stereographics LCD shutter goggles to present different images to the two eyes. The refresh rate of the monitor was 100 Hz; each eye thus received a new image every 20 ms. the monitor was viewed in complete darkness and its resolution was set at 800 Â 600 pixels. All stimuli were presented with the red gun of the monitor only to minimise cross talk between the two eyes' views. Head movements were minimised using a chin rest. Participants were however free to fixate any point in the field of view.
The distance to the target object was fixed at 1135 mm, and the task was performed in the presence of a surrounding context surface. This surround surface consisted of 20 diffused 2.2 mm axial dome LEDs with a luminous intensity of 22.0 cd m
À2
. These were mounted on two pieces of black card, placed symmetrically to the left and the right of the target. At all distances, the LEDS were positioned within a rectangle subtending an angle between 16°a nd 22°(on both the left and right) horizontally, and ±19°verti-cally, with a random distribution (Fig. 1b) . The experiment was performed in a dark laboratory so that all that was visible was the target object and the surrounding LEDs.
Procedure
Participants were asked to set the distance of the central dot, such that the depth separation between it and the line joining the remaining dots was the same distance as their vertical separation (see Fig. 1a ). The vertical separation between the two flanking dots was 2 cm. On each trial, the central dot appeared with a depth separation from the other two dots of between 0 and 12 times their vertical separation. The central dot was therefore always at the same distance as, or nearer than, the other two dots. This initial value was set randomly for each trial. The observer then moved the dot forwards and backwards until its depth separation appeared to match the vertical separation between the other two dots. They then pressed the space bar on the keyboard once to indicate that they had completed the trial, and again when they wished for the next stimulus to appear. Participants made 25 settings for each condition.
Results
The mean and standard deviations of observers' depth-to-width ratio settings are plotted in Fig. 2a and b respectively, as measures of the accuracy and precision of settings. The distance to the context surface had no effect on either measure. This was confirmed by an analysis of variance (mean: F 2,10 0.385 ns; standard deviation: F 2,10 8.28 ns). The presence of a surrounding surface, closer to the observer than the target object, did not produce the expected improvement in the accuracy and precision of depth settings.
Experiment 2: disparity variation in the surrounding context
As disparity varies inversely with the square of distance, scenes containing distant objects will tend to produce images with less variation in disparity, and thus more similar left and right images. This has been predicted by a number of authors, who have proposed that this in itself might act as a cue to viewing distance (Glennerster et al., 1998; Harris, 2004; Hibbard, 2007) . That is, images with a large variation in disparity will tend to arise from scenes containing relatively near objects, whereas those with little variation in disparity will tend to arise from scenes containing predominantly more distant objects. This proposal is given some support from an analysis of the disparities expected on the basis of range maps of forest scenes compared with indoor scenes (Liu et al., 2008) , and the predicted responses of binocular neurons to images of such scenes (Hibbard, 2008a) . However, no psychophysical experiments to date have tested whether the degree of image similarity is used in this way as a cue to distance. Here, we demonstrate that a simple comparison of the similarity between natural binocular images provides information about the distance range of objects in the depicted scenes, and would thus provide a useable distance cue. While Harris (2004) suggested that an analysis of the local variation in disparity might provide useful distance information, a simpler metric is the overall similarity of the left and right images. We therefore measured the pixel-by-pixel correlation between the left and right images for a number of natural binocular image pairs, to determine whether this is likely to provide a viable distance cue. We also carried out a psychophysical experiment to test whether this information is in fact used in the scaling of disparity for the perception of three-dimensional shape.
Image analysis
Methods
Images were captured using two Nikon Coolpix 4500 digital cameras, harnessed in a purpose-built mount that allowed the inter-camera separation, and the orientation of each camera about a vertical axis, to be manipulated (see Hibbard, 2008a for more details). In all cases, an inter-camera separation of 65 mm (representative of the human interocular separation) was used, and the cameras were oriented so that the same point in the scene projected to the centre of each camera's image. Images were captured at a resolution of 1600 Â 1200 pixels, and the final resolution of the images, after calibration to take account of the focal length and other characteristics of the camera, was 1 pixel per arc minute of visual angle. Correlations were calculated using the CIE LAB luminance information only.
All images were taken outdoors, and contained tree, shrubs, rocks, and other natural objects. For each of 17 scenes, a binocular pair of images was taken at viewing distances of 1, 2, 4 and 8 m. Correlations were then calculated for 8 Â 8 degree square samples taken from the centres of the images.
Results
Average interocular correlations are shown in Fig. 3 as a function of the fixation distance. The correlation tended to be increase as the viewing distance increased, as expected. This effect was found to be significant in a repeated measures analysis of variance (F 3,48 = 9.748, p < 0.0001). This suggests therefore that interocular correlation would provide useful distance information.
Psychophysical experiments
Methods
The same task and procedure were used as in experiment 1. The experiment differed in that the stimuli were presented at three different distances from the observer: 50, 81 and 115 cm. A surrounding context surface was presented on the monitor screen in a frame defined by an outside rectangle subtending a visual angle of 19.1°h orizontally and 14.28°vertically, and an inner rectangle subtending a visual angle of 9.86°vertically and 4.94°horizontally. No dots were presented within the inner rectangle. Dot density was 1.79 dots per degree 2 .The horizontal disparity of the dots was a sinusoidal function of their vertical position. The frequency of the modulation was 0.2 cycles/degree. This created the perception of a horizontal modulation in depth. The range of the disparity was varied by altering the peak-to-base disparity of the flanking surface. Shape settings were carried out with a peak-to-trough horizontal disparity of 0, 12, 24, 36, 48 and 60 arc min. Again, 25 settings were made for each condition.
Observers
Seven observers participated in this experiment. All subjects had normal or corrected to normal vision.
Results
As in the previous experiment, results were analysed in terms of the mean and standard deviation of observer's settings. These are shown in Fig. 4 . Mean depth-to-width ratio settings increased with increasing viewing distance, but were unaffected by the variability of disparity in the surround. An analysis of variance showed a significant effect of distance on depth settings (F 2,12 = 9.064, p < 0.004), but no effect of disparity range (F 5,30 = 1.837 ns) and no significant interaction (F = 10,60 = 1.635 ns). A similar analysis of variance on the standard deviations of settings revealed no significant effect of distance (F 2,12 = 1.499 ns) or disparity range (F 5,30 = 0.920 ns) and no interaction (F 10,60 = 0.953 ns). The range of disparities in the image therefore had no effect on either the accuracy or precision of observers' depth settings.
Discussion
Failures in shape constancy can be attributed to the use of inaccurate or unreliable information about the distance to objects in the scaling of binocular disparities. We examined the effect of changing information in the context surrounding a target on depth settings made by observers. We found that neither presenting a context surface at a distance closer than that of the target, nor varying the range of disparities presented in the image, influenced settings of depth. Since depth settings were affected by the distance of the target, we conclude these manipulations did not influence its perceived distance.
These results may be contrasted with studies that have manipulated the vertical disparities presented in the surrounding context (Brenner et al., 2001; O'Kane & Hibbard, 2007) . In both of these studies, the perceived shape and size of the target object was affected by the information presented in its surround. Other attempts to influence the perception of the shape of an object by presenting information in the surrounding context have also been ineffective.
For example, the shape of an object defined by a combination of motion and disparity can be estimated accurately without the need to scale either cue with an estimate of distance (Richards, 1985) . This would then allow the distance of that object to be estimated accurately, which in turn would allow the distance to other objects to be inferred on the basis of the relative disparity between the two objects. Brenner and Landy (1999) did not however find such effects. Read and Cumming (2006) proposed that the effects of vertical disparity on eye-movements and on visual perception might be mediated by the detection of binocular decorrelation, rather than by the responses of detectors explicitly tuned to vertical misalignment of points between the two images. Under this model, decorrelation increases as the distance to objects decreases, and as their eccentricity increases. Read and Cumming (2006) report, however, being unable to null the effects of vertical disparity by the introduction of decorrelation. This idea has parallels with those proposed by Glennerster et al. (1998) and Harris (2004) , in that each relies on the decreasing similarity between the left and right images with decreasing similarity in the two eyes' points of view. The failure to provide evidence for such effects reported by Read and Cumming (2006) , together with the null results reported here, suggest that visual processing does not employ such simple statistical considerations in scaling horizontal disparity for the perception of three-dimensional shape.
What is the difference between the information provided by vertical disparity, which does affect perceived shape, and that provided by other cues (the combination of motion and binocular information; the presence of a nearer surface; the introduction of image decorrelation, or disparity variation), which do not? The information provided by vertical disparity provides a direct, unambiguous cue that may be used to estimate binocular viewing geometry (Mayhew & Longuet-Higgins, 1982) . The potential for the combination of binocular and motion information explored by Brenner and Landy (1999) would have required: (i) the combination of disparity and motion information to determine the shape of an object without the need for an estimate of distance (ii) the use of this accurate shape estimate to furnish an accurate distance estimate (iii) the use of relative disparity between this and other objects so that the distance, and hence the shape, of the latter could be accurately estimated. Brenner and Landy (1999) did not find evidence that information could be used in this way. Indeed, they showed that the addition of motion, while improving the perceived shape of an object, did not affect its perceived distance. The extent to which the addition of information extends to other attributes of an object, as well as to other objects, is therefore very limited. Similarly, the presence of a near object could only improve the perceived distance to other objects via an estimation of their relative disparity. The use of decorrelation as a surrogate for the direct measurement of vertical disparity depends on the attribution of this decorrelation to vertical misalignment of corresponding points, rather than other sources of decorrelation such as local variation in horizontal disparities, of image regions that are only visible monocularly. Finally, the idea that the similarity between the left and right eyes' images might be used as a distance cue, while receiving support from the analysis of natural scenes and binocular images, depends on statistical rather than geometrical considerations. Each of these is a relatively indirect route to the estimation of the distance to an object of interest. Thus, while it has been proposed that visual processing may makes use of simple heuristics in the perception of three-dimensional shape, in lieu of a full reconstruction of metric depth the extent of this strategy appears to be relatively limited (Hibbard, 2008b).
One situation however in which contextual information might be important in the perception of distance is when it relates to the ground surface. Sinai, Ooi, and He (1998) argued that threedimensional space might be represented using a ground-surface based reference frame. Wu, Ooi, and He (2004) provided evidence that visual information on the ground plane in the foreground of a target improves the perception of the distance to the latter. They found that, when an observer's field of view was restricted to the local ground around a target, its distance was underestimated. Allowing the observer to sample the ground plane between them and the target, from near to far, improved the accuracy of distance judgements. Contextual visual information gained from viewing and integrating samples of a surface that were closer than target thus improved distance perception. There are a number of important differences between the current study and that of Wu et al. (2004) . Firstly, the range of distances analysed was very different, up to a maximum of 113.5 cm in the current study, and a minimum of 3 m in Wu et al's study. This difference means that the information to estimate distance in the two cases will differ. Information about target distance in the current study would have come primarily from vergence and accommodation. These cues will not provide reliable distance information in the range beyond 3 m. The second difference is that these earlier studies investigated the role of the ground plane as a reference surface in distance perception. The current study used simple random-dot stimuli, which did not lie on a ground, or necessarily form a compelling impression of a continuous surface. Both of these are likely to have been important factors. Sinai et al. (1998) showed than any discontinuities in the ground plane, caused for example by a gap, or a simple change in texture, impaired distance judgement. In contrast to the studies of Sinai et al. (1998) and Wu et al. (2004) , which were concerned with the role of the ground plane as a reference frame, the current study addressed the role of providing additional contextual information via binocular (vergence and disparity) cues.
The task used required participants to compare a distance in depth with a vertical separation between two points. Observers report that such tasks are difficult, and indeed their responses can be very variable (Todd & Norman, 2003) and malleable to contextual influences (Bingham & Lind, 2008) . These tasks are not, however, impossible. All other things being equal, for a fixed distance in the frontoparallel plane observers are able to judge that some depth intervals are larger, and others smaller, than this separation. Equally, the depth judged equal to a given width, while inaccurate, does vary systematically with the size of the width (Johnston, 1991) . Such judgements are also affected by factors such as focus cues (Watt et al., 2005) and vertical disparity (Rogers & Bradshaw, 1993) in a manner that is consistent with the use of these ancillary cues in providing an estimate of distance, and improve in the presence of perspective information (Bingham & Lind, 2008; Hogervorst & Eagle, 2000) . Observers are able, to a limited extent, to make such metric judgements, and are not limited to an affine representation of three-dimensional space.
The particular stimulus used in the current experiment might however have precluded the use of some types of information that might otherwise play a role in the assessment of the three-dimensional shape of surfaces. Rogers and Cagenello (1989) have for example argued that disparity curvature, the second spatial derivative of binocular disparity, might be used. Higher-order surface properties such as the maxima and minima of curvature might also be important in the representation of shape (Todd, 2004) . The apparent depth-to-height ratio of a stimulus is nevertheless a component of shape perception, albeit one that is generally not constant over changes in viewing direction. This aspect of shape perception does not require information from continuous smooth surfaces, and can be determined if an estimate of the depth and height are available.
The current study was concerned with two specific hypotheses regarding the use of binocular contextual cues in the estimation of the depth:height ratio of simple configurations of points. Other contextual information might nevertheless be expected to be effective when more complex stimuli and more naturalistic viewing conditions (Sinai et al., 1998; Witt, Stefanucci, Riener, & Proffit, 2007; Wu et al., 2004) , are considered.
